Tachykinin-1 (TAC1) is known to have diverse functions in mammals, but similar information is scarce in fish species. Using grass carp as a model, the pituitary actions, receptor specificity and postreceptor signaling of TAC1 gene products, namely substance P (SP) and neurokinin A (NKA), were examined. TAC1 encoding SP and NKA as well as tachykinin receptors NK1R and NK2R were cloned in the carp pituitary. The newly cloned receptors were shown to be functional with properties similar to mammalian counterparts. In carp pituitary cells, SP and NKA could trigger luteinizing hormone (LH), prolactin (PRL), and somatolactin a (SLa) secretion, with parallel rises in PRL and SLa transcripts. Short-term SP treatment (3 hours) induced LH release, whereas prolonged induction (24 hours) could attenuate LHb messenger RNA (mRNA) expression. At pituitary cell level, LH, PRL, and SLa regulation by TAC1 gene products were mediated by NK1R, NK2R, and NK3R, respectively. Apparently, SP-and NKA-induced LH and SLa secretion and transcript expression were mediated by adenylyl cyclase/cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA), phospholiphase C (PLC)/inositol 1,4,5-triphosphate/ protein kinase C (PKC), and Ca 2+ /calmodulin (CaM)/CaM-dependent protein kinase-II pathways. The signal transduction for PRL responses was similar, except for the absence of a PKC component. Regarding SP inhibition of LHb mRNA expression, the cAMP/PKA-and PLC/PKC-dependent (but not Ca 2+ / CaM-dependent) cascades were involved. These results, as a whole, suggest that TAC1 gene products play a role in LH, PRL, and SLa regulation via overlapping postreceptor signaling coupled to different subtypes of tachykinin receptor expressed in the carp pituitary. (Endocrinology 158: 1776(Endocrinology 158: -1797(Endocrinology 158: , 2017 
including tachykinin-1 (TAC1) encoding SP and NKA, TAC3 (also called TAC2 in rodents) encoding NKB, and TAC4 encoding hemokinin 1 or EKs, have been reported (2) and presumably are the result of gene duplication that occurred during vertebrate evolution (3) . The peptide products of the tachykinin gene family (except for EKC and EKD) all share a common C-terminal a-amidated FXGLM motif, which is critical for receptor binding and bioactivities (4) . The biological functions of tachykinins are mediated by three subtypes of tachykinin receptors (TACRs) [also called neurokinin receptors (NKRs)], including type 1 neurokinin receptor (NK1R) encoded by TACR1, type 2 neurokinin receptor (NK2R) encoded by TACR2, and type 3 neurokinin receptor (NK3R) encoded by TACR3, which are the members of rhodopsintype class I G protein-coupled receptor (GPCR) (1) . Individual NKR subtypes via specific interactions with the C-terminal of tachykinins (5) are known to exhibit differential selectivity and activation potency for various members of tachykinins, with NK1R preferring SP (SP . NKA . NKB), NK2R preferring NKA (NKA . NKB . SP), and NK3R preferring NKB (NKB . NKA . SP), respectively (4) .
Regarding the biological actions of TAC1, its gene product SP is known to be involved in pain control/ nociception (6) , neurogenic inflammation (7), smooth muscle contraction (8, 9) , and modulation of adiposity (10) . Furthermore, SP may also have functions in reproduction, although contrasting results have been reported for gonadotropin regulation by SP in different species. For example, in the crested newt, SP has been shown to block the stimulatory effect of gonadotropinreleasing hormone (GnRH) on luteinizing hormone (LH) secretion (11) . In the case of mammals (e.g., porcine), however, SP can induce LH release via a direct effect by acting at the gonadotroph level (12) . In rodents, a recent study also reported that SP could play a role in the control of puberty onset and fertility in female animals via kisspeptin regulation of GnRH in the hypothalamus (13) . For the other gene product encoded by TAC1, namely NKA, it can also stimulate prolactin (PRL) release in male rats (14) . Interestingly, the corresponding responses in female rats appear to vary according to different phases of estrus cycle or steroid background (especially for estrogen), suggesting that NKA may be involved in PRL regulation during the ovarian cycle (15) . Besides the hypothalamic-pituitary axis, TAC1 gene products may also have a modulatory effect in the gonad, as recent studies have shown that SP and NKA could upregulate sperm motility (e.g., in human spermatozoa) (16) . Of note, SP and NKA can also be detected in the ovary, and their expression is under the control of gonadotropins. In this case, the TAC1 gene products may act as autocrine/ paracrine factors to regulate steroid production in ovarian cells (17) .
In fish models, TAC1 (18, 19) and TAC3 (TAC3a and TAC3b) (20, 21) have been cloned recently together with their cognate receptors, including NK1R, NK2R, and NK3R (20, 22, 23) . Similar to the studies in mammals (24) , TAC3 was found to play a functional role in zebrafish reproduction (20) . In our recent study, TAC3 gene products, namely NKB and NKB-related peptide (NKBRP), were shown to be novel stimulators for PRL and somatolactin (SL)a gene expression and hormone secretion via a direct effect acting at the pituitary level in grass carp (21) , indicating that tachykinins may have pituitary action in lower vertebrates. To date, except for a single report suggesting that SP may be involved in zebrafish embryogenesis (19) , very little information is available regarding the functions of SP and NKA in fish species. In this study, using grass carp as a model, the pituitary actions, receptor specificity, and signal transduction of TAC1 gene products were examined at the pituitary cell level. As a first step, grass carp TAC1, TACR1, and TACR2 were cloned and their tissue expression, especially in the brain-pituitary axis, was established. Using functional expression in HEK293 cells, the ligand selectivity and postreceptor signaling of the newly cloned receptors were also characterized. With pituitary cells prepared from prepubertal grass carp, the direct effects of SP and NKA of carp origin on pituitary hormone secretion and gene expression were tested at the pituitary level. Using a pharmacological approach coupled to direct measurement of second messengers, the receptor specificity and postreceptor signaling for LH, PRL, and SLa responses induced by the two TAC1 gene products were also elucidated in our cell culture system. Our studies provide evidence that SP and NKA could regulate LH, PRL, and SLa expression through overlapping postreceptor signaling coupled to different NKR subtypes expressed in the pituitary of a fish model.
Materials and Methods

Animals and test substances
One-year-old grass carp (1+) (Ctenopharyngodon idellus) with a body weight of 2.5 to 3.0 kg were acquired from local markets and maintained in well-aerated 250-L aquaria under a 12-hour light/12-hour dark photoperiod at 20 6 2°C. Because the grass carp at this stage were prepubertal and sexual dimorphism was not apparent, fish of mixed sexes were used for pituitary cell preparation according to the protocol approved by the Committee for Animal Use at the University of Hong Kong. Grass carp SP, NKA, NKBa, NKBRPa, NKBb, and NKBRPb were synthesized by GenScript (Piscataway, NJ). L732138, GR159897, and SB222200 were purchased from Tocris Bioscience (Bristol, UK), whereas forskolin (FSK), H89, MDL12330A, 8-bromo-cyclic adenosine monophosphate (8Br.cAMP), IBMX, DiC8, TPA, 2-APB, U73122, GF109203X, nifedipine, A23187, Bay K8644, KN62, calmidazolium (CMZ), PD98059, and SB203580 were obtained from Calbiochem (San Diego, CA). (For background information on test substances, please refer to Supplemental Table 1 .) Except for the synthetic peptides for TAC1 and TAC3 gene products, which were dissolved in double-distilled deionized water, test substances were prepared as 10 mM aliquots in dimethylsulfoxide (DMSO), stored frozen, and diluted with prewarmed culture medium to appropriate concentrations 15 minutes prior to drug treatment. The final dilutions of DMSO were always #0.1% and did not affect pituitary hormone secretion/ gene expression in our cell culture system (25) .
Molecular cloning and tissue expression of carp TAC1, TACR1, and TACR2
To establish the structural identity of target genes, total RNA extracted from grass carp pituitary was reverse transcribed with SuperScript II (Invitrogen, Carlsbad, CA), and nested polymerase chain reaction (PCR) coupled to 5 0 /3 0 rapid amplification of complementary DNA (cDNA) end was performed to isolate carp TAC1, TACR1, and TACR2 cDNA using primers designed based on the conserved regions of respective gene targets in goldfish and zebrafish. Full-length cDNA for grass carp TAC1, TACR1, and TACR2 was compiled using MacVector 9.5.2 (Oxford Molecular, Madison, WI). Phylogenetic analysis of target sequences based on the corresponding cDNA sequences reported in other species was conducted with MEGA 6.0 using the neighbor-joining method. Based on the amino acid sequence deduced, three-dimensional protein models for grass carp SP, NKA, NK1R, and NK2R were constructed using I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) and SWISS-MODEL (http://swissmodel.expasy.org/). For tissue expression profiling of TAC1, TACR1, and TACR2, reverse transcription PCR (RT-PCR) was conducted in total RNA isolated from selected tissues and brain areas using primers specific for the respective gene targets. In these studies, RT-PCR for b-actin was also performed to serve as an internal control. (For primer sequences and PCR conditions, please refer to Supplemental Table 2 .) Using liquid chromatography-tandem mass spectrometry (LC-MS/MS), protein expression of TAC1 at the pituitary level was also confirmed in protein lysate prepared from the carp pituitary using a Sciex TripleTOF-5600 system (AB Sciex, Concord, ON, Canada) as described previously (26) .
TACR1 and TACR2 expression in different cell types within the carp pituitary
To establish the spatial distribution of TACR1 and TACR2 within the carp pituitary, in situ hybridization was performed in consecutive carp pituitary sections (5 mm thick, with individual sections containing six pituitaries from separate fish) prefixed in 4% paraformaldehyde using digoxigenin (DIG)-labeled antisense riboprobes for carp TACR1 and TACR2 (covering position 23 to 280 in TACR1 and position 749 to 924 in TACR2) as described previously (21) . Parallel hybridization with the corresponding sense-strand riboprobes was used as the negative control. (For primer sequences used in probe labeling, refer to Supplemental Table 2 .) In carp pituitary sections, zonal distribution of major cell types was revealed by in situ hybridization using double-stranded cDNA probes for carp PRL, growth hormone (GH), LHb, and SLa, respectively. In this case, hybridization without adding cDNA probes was used as negative control. To confirm the cell type-specific expression of TACR1 and TACR2 in the carp pituitary, carp pituitary cells were spread evenly onto glass slides (;5 3 10 4 cells per slide), fixed in Bouin's fixative, and subjected to immunostaining using a Vectastain ABC kit (Vector Laboratories, Burlingame, CA) with antisera for carp LH (1:100,000), GH (1:100,000), PRL (1:100,000), SLa (1:100,000), and SLb (1: 100,000), respectively (21) . (For information of respective antisera, please refer to Table 1 .) After that, immunoidentified LH cells, GH cells, PRL cells, SLa cells, and SLb cells (200 cells per sample) were isolated separately by laser capture microdissection (LCM) using a PixCell II cell isolation system (Arcturus, Mountain View, CA). Total RNA was then extracted from individual cell types and used for RT-PCR detection of TAC1, TACR1, and TACR2 with primers specific for the respective gene targets.
Functional expression of carp NK1R and NK2R in HEK293 cells
To characterize the ligand selectivity and signal transduction of the gene products for the newly cloned TACR1 and TACR2, functional expression of grass carp NK1R and NK2R was performed in HEK293 cells with cotransfection of luciferaseexpressing reporters targeting different signaling pathways provided by the Clontech cell signaling profiling kit (Clontech, Mountain View, CA), including cyclic adenosine monophosphate (cAMP) response element-luciferase (CRE-Luc) for the cAMP pathway, activator protein 1-luciferase (AP1-Luc) for the protein kinase C (PKC) pathway, nuclear factor of activated T cells-luciferase (NFAT-Luc) for the Ca 2+ /calcineurin pathway, and serum responsive element-luciferase (SRE-Luc) reporters for the mitogen-activated protein kinase (MAPK) pathway (27) . The open reading frames (ORFs) of carp TACR1 coding for NK1R (GenBank no. JQ254914) and TACR2 coding for NK2R (GenBank no. JN105350) were isolated by PCR and subcloned into the eukaryotic expression vector pcDNA3.1/ Zeo(2) to generate NK1R and NK2R expression vectors, respectively. Using these vectors, two HEK293 cell lines with stable expression of carp NK1R and NK2R, respectively, were established. These cell lines were seeded at ;0.05 3 10 6 cells/0.5 mL per well in 24-well plates, cultured overnight for recovery, and transfected by Lipofectamine in Opti-MEM with luciferase reporters targeting different pathways together with pTK.RL (Promega, Madison, WI), a Renilla luciferase-expressing vector, as the internal control. After transfection, the cells were incubated for 18 hours at 37°C in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum followed by drug treatment for another 24 hours. After a brief rinsing with ice-cold phosphate-buffered saline, the cells were dissolved in passive lysis buffer (Promega) and the cell lysate prepared was then used as the samples for measurement of firefly luciferase and Renilla luciferase activities using a Dual-Glo luciferase assay kit (Promega 
Data transformation and statistics
For measurement of LH, PRL, and SLa release, standard curves with detectable range from 0.5 to 500 ng/mL for target hormones were used for data calibration based on the fourparameter logistic regression model of Prism 6 (GraphPad Software, San Diego, CA). For real-time PCR of LHb, PRL, and SLa mRNA expression, standard curves with a dynamic range of $10 5 and a correlation coefficient of $0.95 were used for data calibration with RotorGene-Q software 1.7 (Qiagen, Hilden, Germany) under unsupervised mode. Because no significant changes were noted for b-actin mRNA in our in vitro experiments, the data for LHb, SLa, and PRL mRNA as well as the corresponding data for hormone release were simply transformed as a percentage of the mean value in the control group without drug treatment (as percentage control). For luciferase activity detected for transfection studies, the raw data for firefly luciferase activity (in RLUs) were normalized as a ratio of Renilla luciferase activity (as internal control) in the same sample (as luciferase ratio). The data presented [as mean 6 standard error of the mean (SEM)] are pooled results from six to eight separate experiments and analyzed with analysis of variance (ANOVA) followed by a Dunnett post hoc test. Differences between experimental groups were considered as significant at P , 0.05.
Results
Molecular cloning of carp TAC1, TACR1, and TACR2 Using 5 0 /3 0 rapid amplification of the cDNA end, a fulllength grass carp TAC1 (GenBank no. KJ577571) was cloned and found to be 960 bp in size with a 149-bp 5 0 untranslated region, 345-bp ORF [encoding a 114-amino acid (aa) protein precursor], and 466-bp 3 0 untranslated region (Supplemental Fig. 1 ). Similar to other vertebrates, carp TAC1 also encodes two mature peptides, namely SP (11 aa) and NKA (10 aa), which are flanked by two protein cleavage sites (KR/R and GKR) and with the signature motif FXGLM in the C-terminal [ Fig. 1(a) ]. Although the deduced amino acid sequence of carp TAC1 precursor is only 34% to 42% homologous to that of mammalian counterparts, the regions for two mature peptides are highly conserved among vertebrate species, especially for the fish sequences examined (100% identical for SP and 90% to 100% homology for NKA when compared with corresponding peptides in zebrafish and medaka). Phylogenetic analysis using the neighbor-joining method with nucleotide sequences of tachykinins reported in other species also revealed that grass carp TAC1 could be clustered within the clade of fish TAC1 and closely related to goldfish and zebrafish TAC1 [ Fig. 1(b) ]. Using in silico protein modeling, similar to the three-dimensional structures of their human counterparts, grass carp SP and NKA were found to be in the form of a short peptide with an a helix covering the central region and extended to the C terminus [ Fig. 1(c) ].
Besides TAC1, carp TACR1 (GenBank no. JQ254914, Supplemental Fig. 3A ) and TACR2 (GenBank no. JN105350, Supplemental Fig. 5A ) were also cloned and found to encode a 1524-bp and 1131-bp ORF with the deduced amino acid sequences for carp NK1R (426 aa) and NK2R (376 aa), respectively. Consistent with the typical structure of GPCR, the protein sequences of the newly cloned NK1R (Supplemental Fig. 3B ) and NK2R (Supplemental Fig. 5B ) can be delineated into seven transmembrane domains (TMD 1-7 ) linked with three extracellular loops and three intracellular loops, together with the extracellular N-terminal and intracellular C-terminal tail. Although the amino acid sequences of grass carp NK1R and NK2R share only 78.9% to 79.1% and 65.6% to 68.1% homology compared with their mammalian counterparts, the regions for TMD [1] [2] [3] [4] [5] [6] [7] and the three intracellular loops are highly conserved among vertebrate species (Supplemental Figs. 4A and 6A). In silico protein modeling using SWISS-MODEL also reveals that the three-dimensional structures of TMD [1] [2] [3] [4] [5] [6] [7] in carp NK1R and NK2R are highly comparable with those of the respective human receptors (Supplemental Figs. 4B and 6B). Using the neighbor-joining method, phylogenetic analysis based on nucleotide sequences of different subtypes of NKRs reported in other species has also confirmed that the newly cloned cDNAs are orthologs of TACR1 and TACR2 in the carp model. The two receptors of carp origin could be clustered in the respective clades and closely related to zebrafish TACR1 and TACR2, respectively (Supplemental Fig. 7 ).
Tissue expression of TAC1, TACR1, and TACR2 in grass carp
To establish the tissue expression profile for carp TAC1, TACR1, and TACR2, RT-PCR was performed in selected tissues and brain areas [ Fig. 1(d)] . At the tissue level, transcript signals for TAC1 were detected mainly in the gills, heart, intestine, liver, muscle, and gonad but not in the kidney and blood. A parallel study in various brain areas also revealed that high levels of TAC1 signals could be located in the pituitary, cerebellum, medulla oblongata, and spinal cord, to a lower extent in the telencephalon, optic tectum, and hypothalamus, but with no signal detected in the olfactory bulb. Interestingly, PCR signals for TACR1 and TACR2 were noted in the heart and intestine, to a low extent in the liver, but not readily detectable in other tissues examined. Within the brain, TACR1 and TACR2 signals were located in the pituitary and hypothalamus, and low levels of TACR1 signals could also be recognized in the olfactory bulb and telencephalon. Because the pituitary TAC1 signal was found to be much higher than other brain areas, its expression at the protein level was also tested in carp pituitary using a proteomic approach. As shown in Supplemental Fig. 2 , LC-MS/MS was performed in trypsin-digested lysate prepared from carp pituitary. Based on the mass spectra obtained, peptide fragments originated from TAC1 preprohormone could be identified (with a protein coverage of 77.8%) together with individual fragments covering the regions for SP and NKA, implying that TAC1 could be translated and processed into mature peptides within the carp pituitary.
To examine the spatial distribution of TACR1 and TACR2 at the pituitary level, in situ hybridization was performed in consecutive sections of the carp pituitary. Using hybridization probes targeting different pituitary hormones, zonal distribution of pituitary cells with PRL cells located in the rostral pars distalis (RPD), GH and LH cells located in the proximal pars distalis (PPD), and SLa cells located in the neurointermediate lobe could be unveiled [ Fig. 2(a) ]. In the same study, interestingly, hybridization signals for TACR1 were found to be overlapping with the distribution of LH cells in the PPD [ Fig. 2(b) ] whereas the corresponding signals for TACR2 could be matched with the distribution of PRL cells in the RPD [ Fig. 2(c) ]. To test whether TACR1 and TACR2 are , and TACR2 expression in grass carp. Total RNA was isolated from selected tissues and brain areas in grass carp and subjected to RT-PCR using primers specific for carp TAC1, TACR1, and TACR2 transcripts, respectively. Parallel RT-PCR for b-actin was also conducted to serve as the internal control. Fig. 2(d) ]. In this study, the PCR signal for TACR1 was detected only in LH cells but not in other cell types examined, whereas the corresponding signals for TAC1 and TACR2 could be found only in PRL cells. The lack of PCR signals in other cell types could not be due to RNA degradation, as the corresponding signals for b-actin were consistently observed in the samples prepared. Furthermore, the PCR signals for TAC1, TACR1, and TACR2 could also be noted in mixed populations of pituitary cells, which were used as a positive control for the experiment.
Functional characterization of carp NK1R and NK2R
To characterize the ligand selectivity and signal transduction for the newly cloned NK1R and NK2R, two lines of HEK293 cells with stable expression of grass carp NK1R or NK2R were established and used in transfection studies with luciferase reporters targeting different postreceptor signaling cascades. As shown in Fig. 3(a) (for HEK293 cells with NK1R expression) and Fig. 3(b) (for HEK293 cells with NK2R expression), treatment with the gene products for carp TAC1 (i.e., SP and NKA), TAC3a (i.e., NKBa and NKBRPa), and TAC3b (i.e., NKBb and NKBRPb) could dose-dependently elevate luciferase activity expression mediated by CRE-Luc, SRELuc, AP1-Luc, and NFAT-Luc reporters, respectively, despite a weak or sometimes insignificant stimulation by NKBb. In the case of NK1R activation, carp SP (ED 50 Table 4 ].
Regulation of pituitary hormones by TAC1 gene products
As a first step to study the pituitary actions of TAC1 gene products, the primary culture of carp pituitary cells was challenged with SP and NKA of carp origin for 24 hours (Supplemental Fig. 8 ). In this case, SP (1 mM) and NKA (1 mM) were found to elevate transcript expression of PRL and SLa without altering POMC, FSHb, TSHb, GtHa, GH, and SLb mRNA levels. Interestingly, SP but not NKA treatment was also effective in triggering a mild inhibition on LHb mRNA expression. After the singledose experiment, a time-course study was conducted to investigate the temporal effects of SP and NKA. As shown in Fig. 4 , SP (1 mM) and NKA (1 mM) could both increase PRL [ Fig. 4(b) ] and SLa secretion and mRNA expression [ Fig. 4(c) ] up to 24 hours, together with a transient rise in LH release with a peak at 3 hours [ Fig. 4(a) ]. Unlike the rapid responses for LH and PRL secretion observed within the first 1 to 3 hours, a significant rise in SLa release was apparent only after 6 hours of drug treatment. In the same study, interestingly, SP but not NKA was found to reduce LHb mRNA levels after 24 hours of treatment, although both of them could trigger a transient response for LH secretion [ Fig. 4(a) ]. To further examine the dose dependence of the pituitary actions, carp pituitary cells were exposed to increasing levels (0.1 to 1000 nM) of SP and NKA for 24 hours. Consistent with the results of the time-course study, the drug treatment could also induce PRL [ Fig. 4(b) ] and SLa secretion and mRNA expression [ Fig. 4(c) ] in a dose-related manner. Although significant changes on LH release were not observed in this study, a 24-hour treatment with SP but not NKA was found to induce a dose-dependent inhibition of LHb gene expression [ Fig. 4(a) ]. By reducing the duration of drug treatment to 3 hours, both SP and NKA could also induce LH secretion in a dose-related fashion (despite a lower potency for NKA) but with no effect on LHb mRNA level [ Fig. 4(a) ].
Receptor specificity for the pituitary actions by SP and NKA
To evaluate the receptor specificity for the pituitary actions of TAC1 gene products in grass carp, a pharmacological approach was used. In this case, pituitary cells were challenged with SP (1 mM) and NKA (1 mM) in the presence of the antagonists targeting individual subtypes of NK receptors, including the NK1R antagonist L732138 (10 mM), NK2R antagonist GR159897 (10 mM), and NK3R antagonist SB222200 (10 mM). As shown in Fig. 5(a) , a 3-hour induction by SP or NKA consistently 2+ -dependent signaling mechanisms, HEK293 cells with stable expression of carp NK1R or NK2R were transfected with CRE-Luc, SRE-Luc, AP1-Luc, or NFAT-Luc reporter targeting the respective pathways and treated for 24 hours with increasing doses of the gene products of carp TAC1 (SP and NKA), TAC3a (NKBa and NKBRPa), and TAC3b (NKBb and NKBRPb), respectively. In these experiments, cotransfection of pTK.RL was used as the internal control, and the data of firefly luciferase activity detected were transformed as a ratio of Renilla luciferase activity in the same sample (as Luc Ratio). In parallel studies, the coupling of carp (c) NK1R and (d) NK2R with [Ca 2+ ] i changes were also examined using a Ca 2+ bioluminescence plate assay. In this case, HEK293 cells with carp NK1R or NK2R expression were transfected with the aequorin-expressing mtAEQ vector and challenged for 50 seconds with increasing doses of the gene products for carp TAC1, TAC3a, and TAC3b, respectively, in culture medium with 2.5 mM CaCl 2 ) were quantified as the sum total of the Ca 2+ changes over the basal within the 50-second period with drug treatment (i.e., AUC). Data presented are expressed as mean 6 SEM, and groups denoted by different letters represent a significant difference at P , 0.05 (ANOVA followed by a Dunnett test).
increased LH release, and these stimulatory effects could be blocked by the NK1R antagonist L732138 but not by the NK2R antagonist GR159897 or the NK3R antagonist SB222200. By prolonging drug treatment to 24 hours, SP was found to reduce LHb mRNA level [ Fig. 5(b) ], but NKA was not effective in this regard (data not shown). In the same study, L732138 alone was effective in elevating LHb mRNA level, and the inhibitory effect of SP on LHb gene expression could be totally reverted by cotreatment with L732138 but not GR159897 or SB222200. To shed light on SP interaction with hypothalamic signals on LHb In parallel studies for dose dependence, except for the LH responses tested for 3 hours and 24 hours, pituitary cells were routinely challenged for 24 hours with increasing levels of SP (0.1 to 1000 nM) or NKA (0.1 to 1000 nM). After drug treatment, culture medium was harvested for measurement of LH, PRL, and SLa secretion and the remaining cells were used for total RNA preparation for real-time PCR of the respective gene targets. Data presented are expressed as mean 6 SEM, and groups denoted by different letters represent a significant difference at P , 0.05 (ANOVA followed by a Dunnett test). 
Signal transduction for LH regulation by SP and NKA
To unveil the signal transduction for LH regulation by TAC1 gene products, the possible involvement of cAMPand Ca
2+
-dependent cascades was examined by direct measurement of cAMP production and Ca 2+ signals following SP/NKA induction. As shown in Fig. 6(a) , cAMP production in carp pituitary cells could be upregulated dose dependently by a 20-minute treatment with increasing levels (0.1 to1000 nM) of SP and NKA. In pituitary cells preloaded with the Ca 2+ -sensitive dye Fura-2, similar treatment with SP (1 mM) and NKA (1 mM) were also effective in triggering a rapid but transient rise in [Ca 2+ ] i signals ( Fig. 6(b) ]. These stimulatory effects, however, could be attenuated by cotreatment with the VSCC blocker nifedipine ( Apparently, activation of cAMP-, PKC-, and Ca 2+ -dependent cascades could be linked with LH secretion. In carp pituitary cells, a 3-hour treatment with the membrane-permeant cAMP analog 8Br.cAMP (1 to 1000 mM), adenylyl cyclase (AC) activator FSK (10 mM), diacylglycerol (DAG) analog DiC8 (1 to 1000 mM), and PKC activator TPA (10 mM) were all effective in mimicking the LH-releasing effect of SP/NKA [ Fig. 7 (a) and 7 (b)]. A similar effect on LH release was also observed with parallel treatment of increasing doses (0.1 to 1000 nM) of the VSCC activator Bay K8644 or Ca 2+ ionophore A23187 [ Fig. 7(c) ]. By fixing drug treatment at 3 hours, SP (1 mM) and NKA (1 mM) consistently induced LH release, and these stimulatory effects could be blocked by cotreatment with the AC inactivator MDL 12330A (10 mM) or protein kinase A (PKA) inhibitor H89 (10 mM) [ Fig. 7(d) ]. Similar blockade was also observed with parallel treatment of the phospholipase C (PLC) inhibitor U73122 (10 mM), PKC inactivator GF109203X (10 mM), and IP 3 receptor blocker 2-APB (100 mM), respectively [ Fig. 7(e Because NKA did not alter the LHb mRNA level in carp pituitary cells, the signal transduction for SP inhibition of LHb gene expression was examined using a similar approach with drug treatment extended to 24 hours. In this case, 24-hour treatment with the cAMP analog 8Br.cAMP (1 to 1000 mM), AC activator FSK (10 mM), DAG analog DiC8 (1 to 1000 mM), and PKC activator TPA (10 mM) were all effective in mimicking the inhibitory effect of SP on LHb mRNA expression [ 
Discussion
In mammals, the TAC3 gene product NKB is known to regulate reproductive functions by modulating GnRH release in the hypothalamus (24, 37) . In our recent study in grass carp, NKB and NKBRP, a unique product of fish TAC3, were also found to be novel regulators for PRL and SLa expression via a direct effect acting at pituitary level (21), but similar information for the pituitary actions of TAC1 gene products, namely SP and NKA, is still lacking in lower vertebrates, including amphibians . gene expression, pituitary cells were also treated for 24 hours with sGnRH (1 mM) with/without the cotreatment of SP (1 mM) or the NK1R antagonist L732138 (10 mM). Effects of (d) NKR antagonists on SP-and NKA-induced PRL and (e) SLa secretion and gene expression. In this case, pituitary cells were treated for 24 hours with SP (1 mM) or NKA (1 mM) with simultaneous incubation of the NK1R antagonist L732138 (10 mM), NK2R antagonist GR159897 (10 mM), and NK3R antagonist SB222200 (10 mM), respectively. In these experiments, culture medium was harvested after drug treatment of the measurement of LH, PRL, and SLa secretion. After that, the remaining cells were used for total RNA preparation and subsequent real-time PCR for the respective gene targets. Data presented are expressed as mean 6 SEM, and groups denoted by different letters represent a significant difference at P , 0.05 (ANOVA followed by a Dunnett test).
and fish species. To shed light on the pituitary actions of SP and NKA in a fish model, grass carp TAC1 was cloned and protein sequence analysis revealed that its preprohormone could be processed via monobasic/dibasic cleavage sites to generate the mature products SP and NKA, which are helical peptides highly homologous/identical to their counterparts in other fish species, for example, goldfish and zebrafish (18, 19, 38) . In grass carp, TAC1 was found to be widely expressed at the tissue level as well as in different brain areas. The central expression of TAC1 is consistent with its role as a neurotransmitter/neuromodulator within the central nervous system (1). The high levels of TAC1 signal detected in the intestine and gonad also corroborate previous reports on the functions of SP as a gut peptide regulating motility and secretory function in the gastrointestinal tract (39) and the possible role of SP as a local regulator for gonadal functions, for example, steroidogenesis and sperm motility (40) . Of note, the pituitary was found to be one of the tissues with a high level of TAC1 expression in grass carp, which is similar to the findings in goldfish (38) and mammalian models (e.g., rat) (41) . Together with the TAC1 signal located in the hypothalamus, it raises the possibility that TAC1 may also serve as a functional component of the hypothalamic-pituitary axis in carp species. Because the biological actions of TAC1 gene products are known to be mediated via NK1R and NK2R coupling to the cAMP/PKA, PLC/PKC, MAPK, and/or Ca 2+ -dependent cascades in mammals (1), the two receptors were also cloned in the carp pituitary to established the TAC1/ NKR system in the carp model. Phylogenetic analyses of the sequences obtained followed by RT-PCR profiling of tissue expression have revealed that the newly cloned receptors are orthologs of vertebrate NK1R and NK2R, respectively, and expressed in a tissue-specific manner, especially in the heart, intestine, hypothalamus, and pituitary. The expression of the two receptors in the hypothalamicpituitary axis also supports the idea that -sensitive dye Fura-2 were challenged with SP (1 mM) or NKA (1 mM) in the presence/absence of the VSCC blocker nifedipine (Nifed, 10 mM). To probe the component of [Ca 2+ ] i mobilization, similar experiments with SP and NKA stimulation were conducted in a Ca 2+ -free culture medium with/without cotreatment of the IP 3 receptor blocker 2-APB (100 mM). In these studies, parallel treatment with 0.1% DMSO [the vehicle (Veh) for Nifed and 2-APB) were used as a solvent control for the respective experiments. Kinetic profiles of Ca 2+ the TAC1/NKR system may have pituitary functions in carp species. By in silico protein modeling, carp NK1R and NK2R were shown to have the typical features of GPCR with seven TMDs, and their spatial arrangement was found to be highly comparable if not identical to their human counterparts. Functional expression of the two receptors in HEK293 cells transfected with reporters for different postreceptor signaling pathways also demonstrated that the signal transduction for carp NK1R and NK2R was well conserved and mediated through PKA-, PKC-, MAPK-, and Ca 2+ -dependent mechanisms. In mammals, different subtypes of NKRs are known to have differential selectivity for individual members of tachykinins, with NK1R preferring SP (SP . NKA . NKB), NK2R preferring NKA (NKA . NKB . SP), and NK3R preferring NKB (NKB . NKA . SP), respectively (4). Although NK1R and NK2R have been cloned recently in fish model (e.g., zebrafish) (22) , the rank order of ligand selectivity has not been characterized. In our studies with carp NK1R and NK2R expressed in HEK293 cells, Figure 7 . Signal transduction for SP-and NKA-induced LH release in carp pituitary cells. Effects of (a) increasing cAMP level using the cAMP analog 8Br.cAMP (1 to 1000 mM) or AC activator FSK (10 mM), (b) stimulating PKC activity with the DAG analog DiC8 (1 to 1000 mM), or PKC activator TPA (10 mM), and (c) elevating [Ca 2+ ] i levels by the Ca 2+ ionophore A23187 (0.1 to 1000 nM) or VSCC activator Bay K8644 (0.1 to 1000 nM) on basal level of LH secretion in carp pituitary cells. After drug treatment of 3 hours, culture medium was harvested and used for LH measurement with RIA. Similar studies were also performed to test the effects of blocking PKA-, PKC-, and Ca 2+ -dependent cascades on LH secretion induced by TAC1 gene products. In this case, pituitary cells were exposed to SP (1 mM) or NKA (1 mM) for 3 hours with/without cotreatment of (d) the AC inhibitor MDL12330A (10 mM) or PKA inhibitor H89 (10 mM), (e) PLC inhibitor U73122 (10 mM), PKC inhibitor GF109203X (10 mM), or IP 3 receptor blocker 2-APB (100 mM), and (f) Ca 2+ -free medium, VSCC blocker nifedipine (10 mM), CaM antagonist CMZ (1 mM), or CaMK-II inactivator KN62 (10 mM). Data for LH release are expressed as mean 6 SEM, and experimental groups denoted by different letters represent a significant difference at P , 0.05 (ANOVA followed by a Dunnett test). comparison of ED 50 for NK1R activation coupled with individual signaling pathways revealed that carp NK1R could exhibit a rank order of ligand selectively with SP . NKA ¥ NKBa ¥ NKBRPa ¥ NKBRPb NKBb, which is in agreement with the reports in mammals that NK1R is more specific for SP in terms of receptor binding (4). The corresponding results for carp NK2R, however, were quite different from NK2R reported in mammals. In this case, carp NK2R was found to have a rank order of ligand selectivity with SP ¥ NKA ¥ NKBa ¥ NKBRPa ¥ NKBRPb NKBb, suggesting that NK2R of carp origin is a multiligand receptor with promiscuity for different members of fish tachykinins, despite a lower potency for NKBb. In mammals, multiligand receptors with promiscuity for structurally related ligands (or even unrelated ligands) have been reported, for example, class A (42) and class B type I scavenger receptors (43), receptor for advanced glycation end product (44) , and related protein for low-density lipoprotein receptor (45) . The deviation from the "one ligand/one receptor" model for receptor activation is thought to have occurred during early evolution and allows for effective integration of extracellular signals mediated by ligands of the same family or even dissimilar ligands with related functions (46) . Similar to NKB, the TAC3 gene product with an LHreleasing effect via kisspeptin/GnRH modulation in the hypothalamus (24) , SP, the first member of TAC1 gene products identified, is also involved in gonadotropin regulation (40) . As mentioned in the introduction, the effect of SP on LH release appears to be species-specific, and opposite results have been reported in different animals, for example, with inhibition in the crested newt (11) but stimulation in rodents (13) . LH secretion induced by SP can be mediated via a direct effect at the pituitary level (e.g., in porcine pituitary cells) (12) . Similarly, NKA can also induce LH release in vivo (e.g., in rat) (14) , but its direct effect on LH secretion at the pituitary cell level has not been demonstrated. To date, LH regulation by TAC1 gene products in the fish model is still unclear, and no information is available regarding the receptor specificity or postreceptor signaling involved. In this study, we have shown that SP and NKA of carp origin could act directly at the pituitary cell level to induce LH release in grass carp in a time-and dose-dependent manner. Of note, the potency and efficacy of NKA were found to be notably lower than those of SP, indicative of the possible involvement of NK1R. The idea is also supported by the findings that (1) the transcript signals of TACR1 coding for NK1R were found to overlap with the distribution of gonadotrophs in carp pituitary section, (2) TACR1 was the only form of NKR transcripts detected in carp gonadotrophs isolated by the ] i levels. In parallel experiments, pituitary cells were also exposed to SP (1 mM) for 24 hours with/without cotreatment of (d) the AC inhibitor MDL12330A (10 mM) or PKA inhibitor H89 (10 mM), (e) PLC inhibitor U73122 (10 mM), PKC inhibitor GF109203X (10 mM), or IP 3 receptor blocker 2-APB (100 mM), or (f) Ca 2+ -free medium, VSCC blocker nifedipine (10 mM), CaM antagonist CMZ (1 mM), or CaMK-II inactivator KN62 (10 mM). In these studies, total RNA was extracted from pituitary cells after drug treatment and used for real-time PCR for LHb mRNA measurement. Data presented for LHb mRNA are expressed as mean 6 SEM, and groups denoted by different letters represent a significant difference at P , 0.05 (ANOVA followed by a Dunnett test). .cAMP (1 to 1000 mM) or AC activator FSK (10 mM) to increase cAMP level (right panels) or with DAG analog DiC8 (1 to 1000 mM) or PKC activator TPA (10 mM) to stimulate PKC activity (left panels). In parallel studies, pituitary cells were also exposed to SP (1 mM) or NKA (1 mM) for 24 hours with/without the cotreatment of (b) the AC inhibitor MDL12330A (10 mM) or PKA inhibitor H89 (10 mM), (c) PLC inhibitor U73122 (10 mM), PKC inhibitor GF109203X (10 mM), or IP 3 receptor blocker 2-APB (100 mM), and (d) Ca 2+ -free medium, VSCC blocker nifedipine (10 mM), CaM antagonist CMZ (1 mM), or CaMK-II inactivator KN62 (10 mM). In these experiments, culture medium was harvested after drug treatment of PRL measurement using RIA. After that, total RNA was extracted from pituitary cells and used for real-time PCR for PRL mRNA measurement. Data for PRL release and transcript levels are expressed as mean 6 SEM, and groups denoted by different letters represent a significant difference at P , 0.05 (ANOVA followed by a Dunnett test).
NKA can induce LH secretion in carp pituitary via NK1R expressed in gonadotrophs functionally coupled to AC/cAMP/PKA, PLC/IP 3 ] i mobilization in pituitary cells/purified gonadotrophs (49) .
Although the regulatory actions of SP and NKA on LH release are well documented, there is still a paucity of information regarding their effects on LH biosynthesis or gene expression, especially via direct action at the pituitary level. To our knowledge, there is only a single report in porcine pituitary cells demonstrating that SP has no effect on both basal and GnRH-induced LH production or LHb mRNA expression, despite that a synergistic effect on LH release could be noted with SP and GnRH cotreatment (49) . In our studies with carp pituitary cells, .cAMP (1 to 1000 mM) or AC activator FSK (10 mM) to increase cAMP level (right panels) or with DAG analog DiC8 (1 to 1000 mM) or PKC activator TPA (10 mM) to stimulate PKC activity (left panels). In parallel studies, pituitary cells were also exposed to SP (1 mM) or NKA (1 mM) for 24 hours with/without the cotreatment of (b) the AC inhibitor MDL12330A (10 mM) or PKA inhibitor H89 (10 mM), (c) PLC inhibitor U73122 (10 mM), PKC inhibitor GF109203X (10 mM), or IP 3 receptor blocker 2-APB (100 mM), and (d) Ca 2+ -free medium, VSCC blocker nifedipine (10 mM), CaM antagonist CMZ (1 mM), or CaMK-II inactivator KN62 (10 mM). In these experiments, culture medium was harvested after drug treatment of SLa measurement using ELISA. After that, total RNA was isolated from pituitary cells and subjected to real-time PCR for SLa mRNA measurement. Data for SLa release and transcript levels are expressed as mean 6 SEM, and groups denoted by different letters represent a significant difference at P , 0.05 (ANOVA followed by a Dunnett test).
unlike the stimulatory effect on LH release, prolonged treatment (24 hours) with SP but not NKA was shown to induce a mild (;20%) but significant drop in LHb mRNA level, and SP cotreatment could also reduce GnRH-induced LHb gene expression, suggesting that SP may interact with hypothalamic factors to modulate LH synthesis in carp species. Similar to the responses for LH release, the inhibitory action by SP on LHb mRNA expression could be blocked by NK1R but not by NK2R or NK3R antagonists, implying that the effect is also mediated by NK1R activation in carp gonadotrophs. Of note, NK1R antagonism in carp pituitary cells was found to elevate LHb mRNA level, and cotreatment with NK1R antagonist could also enhance LHb gene expression induced by GnRH, which raises the possibility of an endogenous SP component acting within the carp pituitary. In mammals (e.g., rat), SP and NK1R are expressed in the gonad (40) and SP can also act as an autocrine/paracrine factor with gonadal functions, for example, stimulating sperm motility in the testes (16) and steroid production in the ovary (17) . In grass carp, TAC1 and TACR1 mRNA (by RT-PCR) and SP protein expression (by LC-MS/MS) could be located in the pituitary. In immunoidentified pituitary cells isolated by LCM, TAC1 transcript could be found in carp lactotrophs whereas the corresponding signal for TACR1 was detected only in carp gonadotrophs. These findings suggest that SP released from lactotrophs may serve as a paracrine factor regulating LHb gene expression in neighboring gonadotrophs. For the signal transduction mediating LHb gene regulation, the inhibitory effect of SP could be mimicked by a cAMP analog, AC activator, DAG analog, and PKC activator, but similar treatment with a Ca 2+ ionophore or VSCC activator was found to elevate LHb mRNA level. (52) , little is known about TAC1 regulation of PRL secretion/gene expression, and the receptor specificity/signal transduction involved is largely unclear. In bony fish, PRL is a pituitary hormone with diverse functions, especially for osmoregulation and ion transport in fresh water (53) . Its involvement in reproductive functions in fish models is also well documented, for example, in gonadal maturation (54) , spawning migration (55) , and brooding/nesting behavior (56) . In our studies, PRL release and the PRL mRNA level in carp pituitary cells could be upregulated by SP and NKA treatment, and these stimulatory effects could be blocked by NK2R but not by NK1R or NK3R antagonists. Because (1) TACR2 signal coding for NK2R was found to overlap with lactotrophs located in the RPD region of carp pituitary, and (2) (62) , and they are proposed to have overlapping and yet distinct functions, for example, for swim bladder inflation during zebrafish development (63) . In our recent study with carp pituitary cells, besides their effects on PRL, the TAC3 gene products NKBa and NKBRPa were also found to induce SLa release and SLa mRNA expression, and these stimulatory actions were mediated by NK3R expressed in the carp pituitary (21) . However, similar studies for SL regulation by TAC1 gene products are still lacking, and the biological actions of SP and NKA on SL secretion/gene expression are totally unknown. In our present study with carp pituitary cells, only high doses of SP and NKA could elevate SLa release and transcript expression, and these stimulatory effects were blocked by NK3R but not by NK1R or NK2R antagonists, implying that SLa regulation by TAC1 gene products is mediated by NK3R activation at the pituitary level. This idea also corroborates our previous findings that the TACR3 signal coding for NK3R could be mapped to somatolactotrophs with SLa expression in the carp pituitary and the TACR3 transcript was the only form of NKR found in carp somatolactotrophs isolated by LCM (21) . For signal transduction of SLa responses, SP-and NKA-induced SLa secretion and gene expression were mimicked by increasing the cAMP level using cAMP analog or AC activator or stimulating PKC with the DAG analog or PKC activator. Besides, the SLa responses induced by TAC1 gene products could be negated by blocking the AC/cAMP/PKA pathway with AC or PKA inhibitors, inactivating the PLC/IP 3 /PKC pathway using PLC and PKC inhibitors or IP 3 (21) . In our study, however, the potency of SLa responses induced by SP and NKA (in the micromolar range) was found to be much lower than that for NKBa and NKBRPa (in the nanomolar range) (21) . Because NK3R in general is taken as the cognate receptor for NKB with low affinity for SP and NKA binding (1) , it is likely that TAC3 but not TAC1 gene products may serve as the dominant ligands for NK3R activation in carp somatolactotrophs.
In summary, grass carp TAC1 (coding for SP and NKA), TACR1 (coding for NK1R), and TACR2 (coding for NK2R) were cloned and found to be expressed in the hypothalamic-pituitary axis of the carp model. Functional expression also revealed that the two newly cloned NKRs of carp origin could be coupled to postreceptor signaling cascades similar to their mammalian counterparts. Furthermore, carp NK1R was found to be highly selective for SP, but carp NK2R appeared to be a "multiligand receptor" and could be activated by both TAC1 and TAC3 gene products. In carp pituitary cells, the TAC1 gene products SP and NKA could induce hormone release of LH, PRL, and SLa with parallel rises in PRL and SLa mRNA levels, probably via activation of NK1R in gonadotrophs (LH cells), NK2R in lactotrophs (PRL cells), and NK3R in somatolactotrophs (SLa cells), respectively (Fig. 11) . Interestingly, long-term activation of NK1R by SP was also effective in reducing the LHb mRNA level at the pituitary cell level. In our study, the AC/cAMP/PKA, PLC/IP 3 /PKC, and Ca 2+ /CaM/CaMK-II pathways were shown to be involved in LH and SLa secretion as well as SLa gene expression induced by TAC1 gene products. The postreceptor signaling for PRL responses was found to be similar, except that the PKC component working downstream of PLC was not involved in SP-and NKA-induced PRL release and gene expression. In the case of LHb mRNA expression, the inhibitory effect by SP was mediated via the AC/cAMP/PKA and PLC/IP 3 /PKC cascades but not by the Ca 2+ /CaM/CaMK-II cascade. Collectively, our findings suggest that (1) TAC1 gene products in the carp model not only can induce PRL and SLa secretion and gene expression, but the also exert differential effects on LH release and LHb mRNA expression at the pituitary level; and (2) their pituitary actions on LH, PRL, and SLa secretion and transcript expression are mediated via different subtypes of NKRs expressed in respective cell types within the carp pituitary coupled with overlapping and yet distinct postreceptor signaling mechanisms. training young scientists in the field of comparative endocrinology. We also thank Prof. Patricia V. Pietrantonio (Texas A&M University, College Station, TX) for sending us the vector mtAEQ/pcDNA1 for the functional studies of carp NK1R and NK2R expressed in HEK293 cells.
